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The fragmentation of positive ions of DNA under the conditions of matrix-assisted laser
desorption/ionization mass spectrometry (MALDI-MS) was investigated by post-source decay
(PSD) analysis and hydrogen/deuterium (H/D) exchange. Spectra of five different synthetic
4mer oligonucleotides were recorded. As a main result the hypothesis was confirmed that for
these ions all fragment ions result from processes, initiated by protonation/deuteration of a
suitable base followed by a loss of this base as a neutral or ion and further backbone cleavages.
The three bases adenine, guanine, and cytosine all exhibit comparable lability for fragmenta-
tion. The spectra show evidence for an interaction of the adenine base with the phosphate
backbone. Signals of fragments containing TT- and CT-cycloadducts were observed in the
spectra. (J Am Soc Mass Spectrom 1998, 9, 866–878) © 1998 American Society for Mass
Spectrometry
The analysis of proteins is routine by now and isapplied to all kinds of peptides and proteins upto several hundred thousand Daltons in mass.
Sample amounts in the low picocmole to low femto-
mole range are used for such analyses. The analysis of
nucleic acids by matrix-assisted laser desorption/ion-
ization mass spectrometry (MALDI-MS) is still mostly
in the research stage with practical applications limited
to about a 100mer, i.e., a mass of 35 kDa, more than a
factor of 10 less than what can be done for proteins.
Successful analyses of amounts as low as a few femto-
moles have been reported, but a few picomoles are
more typical for standard dried droplet preparations.
Two main reasons are believed to be responsible for this
limitation, heterogeneous alkali-salt formation of the
backbone phosphate groups [1, 2] and ion fragmenta-
tion [1, 3–6]. The first of these problems has been
reasonably well solved for DNA up to at least about a
100mer by several similar techniques, all involving the
replacement of the alkali ions in solution by ammo-
nium. Fragmentation, therefore, is the main remaining
problem to be solved before the analysis of larger DNA
strands can become routine. It is important to differen-
tiate between prompt fragmentation which occurs in
times short compared to the ion extraction time of a
time-of-flight (TOF) mass spectrometer, i.e., on the
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nanosecond time scale and metastable (often called
post-source) decay which occurs on a time scale typi-
cally larger than 0.5–1 ms. Prompt fragments are regis-
tered at their true mass and reflect structural informa-
tion that, for small oligonucleotides, can be used to
determine the primary sequence. Post-source decay
fragment ions are registered at the mass of the precur-
sor ion in a linear TOF instrument. It is worth noting
that much of the fragmentation of oligonucleotides
reported in the literature for different matrices, ion
polarities, and experimental conditions was observed
with linear TOF instruments. In these experiments only
“prompt” fragments can be detected, a fact that can
confound the question of the total fragmentation, ob-
served over a much longer time as is done in reflectron
instruments and PSD analyses. In reflectron instru-
ments, delayed fragmentation severely impairs the sen-
sitivity as well as the mass resolution; the latter partic-
ularly if the fragment mass is close to that of the
precursor as is the case for base losses [7]. The mass of
these metastable fragments can be measured by tuning
the reflector potential (PSD analysis) [8]. The fragmen-
tation pathways for the two types of fragmentation are
distinctly different [6]. Under the condition of delayed
ion extraction (DE) different fragments are formed
during the time before the extraction potential is turned
on [9]. With respect to their detection in TOF mass
spectrometers these “in source” fragments behave sim-
ilar to prompt fragments. In UV-MALDI metastable
fragmentation is preferentially observed over prompt
fragmentation. IR-MALDI generates measurable
amounts of prompt fragments in addition to metastable
ones [6]. Fragmentation of oligonucleotides has been
observed in the past for a variety of ionization methods,
mainly for fast atom bombardment (FAB) [10], electro-
spray ionization (ESI) [11], and MALDI [5, 6] using
sector-, quadrupole-, ion trap, Fourier–transform, and
TOF analyzers. The results for ESI and MALDI are
summarized in a recent review [12]. For structurally
repetitive molecules consisting of only a few different
building blocks such as nucleic acids, multiple path-
ways can lead to different fragments having the same
fragment mass. H/D-exchange experiments have been
shown to be a very elegant way to aid the interpretation
of peptide fragment spectra. Experiments, as described
here, have not yet been reported for nucleic acid frag-
mentation.
Base loss after protonation has been suggested to be
the dominating (if not only) initial fragmentation step,
followed often (but not always) by a variety of different
backbone cleavages [3, 5, 6, 13]. The proton affinities of
the bases of mononucleotides in the gas phase have
been reported to be: T(224.9 kcal mol21) , C(233.2 kcal
mol21) ' A(233.6 kcal mol21) , G(234.4 kcal mol21)
[14]. In mixed oligonucleotides the basicity of the indi-
vidual bases in solution can vary somewhat because
of further possible interactions [15]. In the solid phase
the predominant protonation sites are N3 in cytosine,
N1 in adenine, and N7 in guanine [16]. Under MALDI
conditions the order of stability of nucleobases was
reported by three groups to be T(U) .. C . A, G [1, 3,
7]. One group found a slightly different order of T ..
A . C, G [5]. For the stability of oligonucleotide ions an
order of oligothymidylic acid (oligouridylic acids) .
RNA . DNA was established [1]. The unusual stability
of oligothymidylic acid in conjunction with its low ion
yield in the positive ion mode is certainly in agreement
with the low proton affinity of thymine and lends
credibility to the notion that the base protonation is the
initiating step in DNA fragmentation. RNA is sub-
stantially more stable because of the electron with-
drawing group in the 29-position. This group also is
in the trans position thereby preventing the 19,29
trans-elimination possible in DNA. Some doubt has
recently been cast on the assumption that this addi-
tionally stabilizes RNA, because C-arabinose with the
hydroxyl group in the cis-position exhibited a similar
stability as the unmodified cytosine [17, 22]. To the
extent that a quantitative comparison is possible, the
fragmentation of nucleic acids are qualitatively and, for
larger oligonucleotides, also quantitatively, comparable
in positive and negative ion mode. This observation, in
conjunction with the assumed initiating role of base
protonation, strongly supports the concept that a pro-
ton exchange takes place between phosphates and
bases in oligonucleotides, independent of the excess
charge. It is not known how long lived such states are
and how mobile such charges are along a given strand.
The facile intramolecular H/D-exchange and proton
transfer, as observed in this investigation, would sug-
gest substantial mobility of charges as well. This is most
probably related to the flexibility of single stranded
oligonucleotides. Loss of 39- or 59-terminal nucleoside
or nucleotide has been reported as a regular fragmen-
tation pathway besides base loss followed by backbone
fragmentation [2, 6, 18–20]. Water can also be elimi-
nated from the 39- and the 59-end of the parent ion and
of fragments [6, 19].
A variety of strategies for stabilization of nucleic
acids against metastable decay under MALDI condi-
tions have been suggested and tested. Most obvious
and straightforward is the choice of a suitable matrix. A
quite substantial improvement in stabilization was
achieved by the introduction of 3-hydroxypicolinic acid
[21] which is now the matrix of choice for the UV-
MALDI analysis of DNA at least in reflectron TOF
instruments. Stabilization of the N-glycosidic bond can
be achieved through modifications of the bases or the
ribose moiety. 7-deaza adenine and guanine have a
substantially reduced proton affinity and have indeed
been shown to stabilize oligodeoxyriboses of mixed
sequence [23, 24]. This also holds for a fluorine substi-
tution at the 29-position of the ribose [17]. Alkylation of
the backbone has been suggested because it prevents
the proton exchange with the bases and a stabilizing
effect has been demonstrated for small oligonucleotides
[25]. A variety of other possibilities are currently under
discussion.
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The goal of this investigation was twofold. First,
proof was sought, whether base protonation is the
initiating step for all fragmentation of positive ions
except the terminal loss of a nucleoside/tide and of
water. To elucidate the potentially different behavior
of the three bases with high proton affinity, three
tetramers with thymine bases in the 1-, 3-, and
4-position and an A, C, or G base, respectively, in the
2-position were investigated. The fragmentation pat-
tern of negative ions of the same and of similar
tetramers using different ionization and activation
techniques were reported by Wang et al. [26]. The
constructs with only a single base of high proton
affinity in each tetramer were chosen in order to keep
the fragmentation pattern as simple as possible. This
consideration turned out to be particularly important
for the interpretation of the sequence of fragmenta-
tion as deduced from the peak pattern of the deuter-
ated samples. The interpretation of the dTGCT and
dTCGT (see below) would, in fact, have been much
more difficult and ambiguous without the results
obtained for the tetramers with only one base of high
proton affinity. For the same reason a partially asym-
metric sequence was chosen with only one thymine to
the 59-side and two thymines to the 39-side of the high
proton affinity base. The identification of the initiat-
ing step in the fragmentation of nucleic acid ions is of
high interest, because it is believed to limit the
maximum size of oligomers which can be detected as
intact ions in UV-MALDI-MS. Once unequivocally
identified, suitable steps such as derivatization of the
nucleotides are believed to be possible, which will
strongly limit fragmentation and thereby expand the
range of applications of the method. This goal is in
contrast to many other studies in which fragmenta-
tion is desirable and used to obtain structural infor-
mation on an ion under study. Important information
on the sequence of fragmentation steps was obtained
from H/D exchange in combination with PSD. Sec-
ond, the stability of cytosine relative to that of
adenine and guanine was tested for two small oligo-
nucleotides, containing both bases in reversed order.
Cytosine had been suggested to be similarly stable as
thymidine [27]. If true, this would substantially sim-
plify the overall stabilization of mixed sequence
DNA, because the proton affinity of cytosine is not as
easily diminished as that of the two purine bases
without severely disturbing base pairing in double
stranded DNA.
All spectra were recorded in positive ion mode.
Whereas negative ion signal intensities of small oligo-
nucleotides desorbed out of the 3-HPA matrix typically
exceed those of the positive ions, the reverse is true for
larger oligonucleotides above about 20 nucleotides. The
intensity of the doubly charged parent ion, moreover, is
smaller in positive ion mode as compared to negative
ion mode, simplifying the interpretation of spectra of
mixtures such as those of a Sanger ladder.
Experimental
Instrumentation
The measurements reported here were carried out on a
Voyager DE-RP TOF instrument (PerSeptive Biosys-
tems, Framingham, MA) in the positive ion mode. The
instrument is equipped with a nitrogen laser operating
at 337 nm and a Chevron double micro channel plate
detector operated at an overall voltage of 1.8 kV. The
total acceleration voltage was set to 20 kV. The delayed
extraction was operated with a switched voltage of 5 kV
and a delay time of 275 ns. The instrument has a single
stage reflector and an effective drift length of 2.0 m.
Timed precursor ion selection and a low mass gate were
applied. An in-house built reflectron mass spectrometer
at the University of Du¨sseldorf, designed for optimal
PSD performance [28], was used for some preliminary
experiments. A modified prototype VISION 2000
(Thermo Bioanalysis, Hemel Hemstead, England) [29]
at the University of Mu¨nster was used for control
measurements.
Sample Preparation
The DNA 4mer dTGCT was purchased from Interactiva
Biotechnology (Ulm, Germany). dTATT, dTCTT, dT-
GTT, dTCGT, and dGG samples were purchased from
Pharmacia (Freiburg, Germany) as ammonium salts.
3-Hydroxypicolinic acid (3-HPA) was obtained from
Aldrich (Steinheim, Germany). Prior to the MALDI-MS
analysis all DNA samples as well as the matrix were
desalted by using cation-exchange polymer beads (Bio-
Rad, Munich, Germany, 50W-X8, mesh size 100–200
mm) loaded with ammonium acetate (Merck, Darm-
stadt, Germany) as described elsewhere [1, 30].
The deuterium oxide (99.8%, Arcos Organics, Geel,
Belgium) was desalted according to the following pro-
tocol: A column (poly prep chromatography from Bio-
Rad) was packed with cation-exchange polymer beads
and washed with two bed volumes of deuterium oxide.
Three bed volumes of ammonium acetate, dissolved in
deuterium oxide to saturation, were used for loading
the beads with ammonium. Subsequent washing of the
column with six bed volumes of deuterium oxide
provided a sufficiently high deuteration of the beads.
The prepared column was used to obtain freshly de-
salted deuterium oxide for every MALDI sample prep-
aration.
For the MALDI-MS 1 mL of an aqueous analyte
solution (100 pmol/mL) was mixed with 1.5 mL of an
aqueous matrix solution (50 g/L) on the stainless steel
sample support and allowed to dry in a cold stream of
air. The relatively high analyte concentration was used
to enhance fragment signal intensity particularly of the
deuterated samples. For the removal of cations, dis-
solved from the metal surface, a few cation-exchange
polymer beads were added to the preparation on target
as described before [30].
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A glove box, flushed with dry nitrogen, was used for a
modified protocol of on-target deuteration [31]. Lyophi-
lized DNA and 3-HPA samples were dissolved in deute-
rium oxide to their respective concentrations, partial vol-
umes were mixed on the sample support, all as described
above and allowed to dry at a dry nitrogen pressure of 100
mbar. Deuterated polymer beads were added to remove
cations dissolved from the stainless steel sample support.
In order to achieve a deuteration of better than 98% all
samples were redissolved and dried three more times
with 3 mL deuterium oxide. In the last step the evapo-
ration of deuterium oxide was slowed down by cooling
the sample support in order to obtain a more homoge-
neous crystallization and thereby more “sweet spots”
for the desorption. The sample was then transferred into
the mass spectrometer in a dry nitrogen atmosphere.
Data Acquisition and Mass Calibration
All samples were checked by standard MALDI-MS for
sample purity, particularly low cation salt signals, and
parent ion signals of suitable intensity before the acqui-
sition of the PSD spectra. Deuterated samples were also
checked for a .98% deuteration in this step. Precursor
selection with the primary ion gate was used to select
the protonated parent ion for the PSD spectra. The
reflector voltage was stepped down in 12 to 15 steps for
the acquisition of the PSD spectra. Every single spec-
trum acquired for a given PSD window is the sum of
256 single-shot spectra. The single window spectra
were then composed into a single fragment spectrum
covering the full mass range. The full PSD spectrum
was then mass calibrated with a software based on
grams (Galactic Industries) as provided by the instru-
ment manufacturer. Signals of Angiotensin I and
a-cyano-cinnamic acid were used for the primary mass
calibration. For the majority of fragments the measured
masses in the PSD spectra differ from the calculated
ones by at most 0.5 Da. In a very few cases, where the
original spectrum had a low signal-to-noise ratio and a
large base line offset, the difference between measured
and calculated mass was slightly larger.
The theoretical fragment masses were calculated
with the nuke software that calculates the masses of the
native and deuterated fragments of DNA and RNA as
well as the maximum number of the exchangeable
protons for the parent molecule and each fragment [32].
Results
Under the assumption that base protonation is driving
much (if not most) of the DNA fragmentation the behavior
of the three DNA bases with high proton affinity was
investigated in the separate constructs of dTGTT, dTCTT,
and dTATT. The partially asymmetric structure was
chosen to differentiate as much as possible between
39-terminal and 59-terminal fragments. Similarities and
surprisingly large differences were observed. They are
presented and discussed in the following.
In general, fragments seen for the native products
were also observed for the deuterated samples. This
holds for all major fragments. However, ion signal
intensities and signal-to-noise ratio were considerably
and consistently lower for the deuterated samples. The
reason is mostly that the repeated sample dissolution
and drying for the on-target deuteration under inert gas
purging with only limited control of the drying speed
led to an increased heterogeneity of the sample mor-
phology, as observed visually, and to difficulties to find
“sweet spots” for the analysis. Another complication is
the splitting of single fragment peaks of the native
compound into several peaks with different degrees of
deuteration. The observation of only partially deuter-
ated fragments from a fully deuterated parent ion is
surprising at first sight. Two mechanisms can lead to
such partial deuterations of fragments. In some cases
the fragment ion retaining the charge can capture either
a proton or a deuteron upon cleavage. This results in
two peaks as is the case for the loss of a charged base. If
an originally nonexchangable proton is captured and
thereby becomes exchangable, this can induce intramo-
lecular H/D exchange before the next fragmentation
step commences. In rare cases, peaks already close to
noise in the spectrum of the native compound get lost
after deuteration or are not visible in all spectra ob-
tained from different samples or different locations of a
given sample.
The structure of the dTGTT compound with the
McLuckey fragmentation scheme [11] is shown in Fig-
ure 1. Its PSD spectra of the native and deuterated
samples are shown in Figure 2. Details of a few signals
are given in inserts to demonstrate resolution and the
multiplicities of some of the fragment signals of deuter-
ated samples. At least a partial isotope resolution was
obtained for all peaks of interest and a better than 98%
deuteration is evident from the (M1D)1 peak in Figure
2b (see Table 1 for masses). The mass window close to
the parent ion consistently showed spurious signals of
unknown origin. They were disregarded if their mass
was not consistent for different sample locations or
samples. Presumably they represent artifacts of the
instrument used for the investigation. Occasionally
small, poorly resolved signals appear in other regions of
the spectra such as the one near 650 Da in Figure 2b;
they are not included in the fragmentation analysis.
These signals result from an incomplete gating out of
sodiated precursor ions. Setting the precursor ion selec-
tor to this precursor enhances intensity and mass reso-
lution of these peaks. All other peaks of the spectra can
be assigned to fragments. All observed fragments with
their calculated and measured masses as well as their
most likely designations are listed in Table 1. It is
important to note that the (M 2 B2)
1 fragment of the
deuterated sample has a mass of 1037 Da rather than
1038 Da. This implies that the leaving neutral base was
charged before the cleavage and, therefore, leaves fully
deuterated rather than taking a proton along from a
19,29-transelimination of the deoxyribose. For a rela-
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tively repetitive molecule consisting of only a limited
number of building blocks a given fragment mass can
represent several structures, particularly ones corre-
sponding to 39- and 59-fragments. In some cases this
ambiguity can be resolved by the analysis of the deu-
teration pattern. For two (or more) peaks of different
masses to appear in the spectrum, intermediates must
have a long enough lifetime to allow intramolecular
H/D exchange. In nonresolvable cases the most likely
assignments based on generally observed patterns were
chosen. One such dominating pattern is the sequential
loss of a base, followed by that of a 59-phosphate group
and then the 2-furanylmethyl group, as shown for the
major sequence from M1 via w2
1 to (z1 2 B4 2 H2O)
1 in
Figure 3. In addition to this dominant sequence pro-
ceeding from 59 towards 39 there is also a minor
sequence proceeding from (M 2 B2)
1 to (b1 2 B1 2
2H2O)
1, i.e., from 39 to 59. These signals are distinct
from the major sequence in that there are consistently
only two peaks per deuterated fragment and the signals
are comparatively weak. The fragmentation pathways
shown in Figure 3 show all fragments observed at least
for the native samples and for at least one of the three
samples dTGTT, dTCTT, and dTATT. Not all fragments
were observed for each of them and not all could be
identified in the spectra of deuterated samples. Frag-
ments, not observed in the spectra, are either not
formed at all, or are too unstable to be observable. The
details of which fragments are observed for which
sample can be found in Tables 1 through 3. At several
points during these sequences the charge must move
from the deoxyribose by proton transfer to a neighbor-
ing base. The direction of the preferential fragmentation
from 59 to 39 is, most probably, governed by the
neighborhood of the next 39-base to the deoxyribose
carrying the charge after base cleavage, which eases the
proton transfer. Proton transfer to the neighboring
59-base apparently is also possible, though substantially
less efficient. A 39- or 59-terminal nucleoside or nucleo-
tide of the parent ion can get lost at any time during the
process and water can be lost from either the 39- or
Figure 1. Structure of the dTGTT oligomer with the McLuckey
fragmentation nomenclature.
Figure 2. Positive ion MALDI spectra of the native (a) and
deuterated (b) dTGTT DNA oligomer. Enlarged sections of the
spectra show mass resolution and peak multiplicities. For expla-
nation see the text. Matrix: 3-hydroxypicolinic acid; wavelength
337 nm.
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59-end of the parent as well as fragment ions. The
sequence of water losses can in some cases be inferred
from the observed fragments. The w2
1 fragment for
example loses its 39-water first. Would it first lose the
59-water to become the x2
1 fragment, the three peaks of
the deuterated fragment (x2 2 B3)
1 would have masses
of 1 Da lower than the observed ones of (w2 2 B3 2
H2O)
1. For the same reason the nominally (x1 2 B4 2
H2O)
1 is labeled (w1 2 B4 2 2H2O)
1 in the figure. A
sequence starting at the (M 2 B2)
1 fragment and
proceeding directly from there to the x2
1 and on to x1
1,
where it merges with the (w1 2 H2O)
1 cannot be
excluded from the data. Its deuterated fragments would
have only two peaks which, however, overlap with the
masses of the (w2 2 H2O)
1 sequence. In this process
even thymine bases get protonated with considerable
yield despite their low proton affinity. The structures of
some of the fragments are shown for the deuterated
sample in Figure 4. A signal of the protonated/deuter-
ated guanine appears in the low mass range, as ex-
pected.
Two further fragments, notably, do not fit this frag-
mentation pattern. The signal at 232 Da (native) can
only be assigned to an internal fragment [(deoxyribose1
B2)
1 equivalent to (a2 2 d1)
1]. Apparently protonation
of the base can also induce cleavages to z3
1 and a2
1
without a prior or associated neutral base loss. The
signal at 778 Da (native) is even more interesting. Its
mass does not fit any of the possible fragments of the
McLuckey scheme. It can, however, be explained by
assuming a cycloaddition of the two neighboring py-





mass, native Calculated mass, deuterated
Experimental mass,
deuterated Intensitya
M1 1180.2 1180.1 1192.2 1192.3 1
(M 2 B3)
1 1054.2 N.O.b 1064.2 N.O. 0
(M 2 B2)
1 1029.2 1028.7 1037.2 1037.1 2
w3
1 956.2 N.O. 966.3; 967.2 N.O. 0
z3
1 858.2 N.O. 867.2 N.O. 0
(w3 2 B2)
1 805.1 N.O. 811.2; 812.2 N.O. 0
(w3 2 x11B4)
1 778.2 777.8 787.2; 788.2; 789.2 787.2; 788.2; 789.3 1
(z3 2 B2)
1 707.1 706.8 711.2; 712.2; 713.2 711.1; 712.2; 713.2 1
w2
1 627.1 626.8 632.1; 633.2; 634.2 632.1; 633.0; 634.2 1
(w2 2 H2O)
1 609.1 608.8 613.1; 614.1; 615.1 P.R.c 2
a2
1 554.1 N.O. 560.2; 561.12 N.O. 0
(w2 2 B3 2 H2O)
1 483.1 482.8 485.1; 486.1; 487.1 484.9; 485.9; 486.7 1
(y2 2 B3 2 H2O)
1 403.1 402.9 404.1; 405.1; 406.1; 407.1 N.O. 2
(a2 2 B2 2 H2O)
1 385.1 385.1 386.1; 387.1 386.0; 387.0 2
(w1 2 H2O)
1 305.1 305.2 305.1; 306.1; 307.1; 308.1; 309.1 305.5; 306.5; 307.5 1
(b1 2 H2O)
1 225.1 225.2 226.1; 227.1 226.6 2
(a2 2 d1)
1 232.1 232.2 235.1; 236.1 235.7 2
(a1 2 H2O)
1 207.1 N.O. 208.1; 209.1 N.O. 0
(w1 2 B4 2 H2O)
1 179.0 N.O. 179.0; 180.0; 181.0 N.O. 0
(w1 2 B4 2 2 3 H2O)
1 161.0 161.4 161.0 160.7 2
B2
1 152.0 152.3 156.1; 157.1 155.7; 156.7 1
(z1 2 B4 2 H2O)
1 81.0 81.4 81.0 80.9 1
aThe column “Intensity” refers to the average intensity of the native and deuterated spectrum and is crudely subdivided into intense (1), weak (2),
and not observed (0).
bN.O.: not observed in the respective spectrum.
cP.R.: poorly resolved peak, not mass assignable.
Figure 3. Fragmentation pathways of the oligomers dTGTT,
dTCTT, and dTATT. The symbols next to the fragments denote
whether the fragment was observed for a given oligomer. For
details see the text and Tables 1–3.
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rimidine bases. The structure containing a cyclobutyl-
thymine dimer, (w3 2 x11B4)
1, is shown in Figure 4 as
an example for such a cycloaddition. Comparable frag-
ments appear also in the dTCTT and the dTGCT spec-
tra. The spectrum of the deuterated sample has three
peaks for this fragment which requires that it is gener-
ated in a two step process, e.g., via the w3
1 fragment
even though this intermediate is not seen in the spec-
trum. dTCTT behaves identical to dTGTT except for a
signal of the a2 fragment, not seen in the spectra
containing G or A. The fragments of this compound and
their masses are listed in Table 2.
dTATT shows similarities but also a few distinct
differences from the above discussed two compounds.
The fragments and their masses are listed in Table 3.
The differences can all be explained by assuming that
the adenine base can interact with the 59-phosphate
group via a hydrogen bridge or even form a 7-mem-
bered ring with C5 of the ribose in addition to the
N-glycosidic bond leading to the z3
1 fragment. The
Figure 4. Schemes of the precursor and of selected fragment ions and fragmentation pathways for
the oligomers dTGTT.
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mass, native Calculated mass, deuterated
Experimental
mass, deuterated Intensitya
M1 1140.2 1140.3 1151.2 1151.3 1
(M 2 B3)
1 1014.2 N.O.b 1023.2 N.O. 0
(M 2 B2)
1 1029.2 1028.9 1037.2 1036.8 2
w3
1 916.2 N.O. 925.2; 926.2 N.O. 0
z3
1 818.2 N.O. 826.2 N.O. 0
(w3 2 B2)
1 805.1 N.O. 811.2; 812.2 N.O. 0
(w3 2 x11B4)
1 738.2 737.7 746.2; 747.2; 748.2 746.2; 747.1; 748.0 1
(z3 2 B2)
1 707.1 707.0 711.2; 712.2; 713.2 711.4; 712.4; 713.0 1
w2




1 609.1 609.1 613.1; 614.1; 615.1 P.R.c 2
a2
1 514.1 514.1 519.2; 520.2 519.0; 520.1 1
(w2 2 B3 2 H2O)
1 483.1 482.9 485.1; 486.1; 487.1 485.0; 485.9; 487.0 1
(y2 2 B3 2 H2O)
1 403.1 N.O. 404.1; 405.1; 406.1; 407.1 N.O. 0
(a2 2 B2 2 H2O)
1 385.1 N.O. 386.1; 387.1 N.O. 0
(w1 2 H2O)
1 305.1 304.7 305.1; 306.1; 307.1; 308.1; 309.1 306.1; 307.1; 308.1 1
(b1 2 H2O)
1 225.1 224.6 226.1; 227.1 226.0; 227.0 2
(a2 2 d1)
1 192.1 191.6 194.1; 195.1 193.8; 195.1 2
(a1 2 H2O)
1 207.1 206.1 208.1; 209.1 N.O. 2
(w1 2 B4 2 H2O)
1 179.0 N.O. 179.0; 180.0; 181.0 N.O. 0
(w1 2 B4 2 2 3 H2O)
1 161.0 161.1 161.0 160.9 2
B2
1 112.1 112.0 115.1; 116.1 114.7; 115.7 1
(z1 2 B4 2 H2O)
1 81.0 80.9 81.0 80.9 1
aThe column “Intensity” refers to the average intensity of the native and deuterated spectrum and is crudely subdivided into intense (1), weak (2),
and not observed (0).
bN.O.: not observed in the respective spectrum.
cP.R.: poorly resolved peak, not mass assignable.





mass, native Calculated mass, deuterated
Experimental
mass, deuterated Intensitya
M1 1164.2 1164.3 1175.2 1175.3 1
(M 2 B3)
1 1038.2 1037.5 1047.3 1047.3 2
(M 2 B2)
1 1029.2 1028.6 1037.3 1037.3 2
w3
1 940.2 939.6 949.2; 950.2 949.4; 950.3 1
z3
1 842.2 841.9 849.2 849.2 1
(w3 2 B2)
1 805.1 N.O.b 811.2; 812.2 N.O. 0
(w3 2 x11B4)
1 762.2 N.O. 770.1; 771.2; 772.2 N.O. 0
(z3 2 B2)
1 707.1 N.O. 711.2; 712.2; 713.2 N.O. 0
w2
1 627.1 626.5 632.1; 633.1; 634.1 632.0; 633.0; 633.9 1
(w2 2 H2O)
1 609.1 N.O. 613.1; 614.1; 615.1 N.O. 0
a2
1 538.2 N.O. 543.2; 544.2 N.O. 0
(w2 2 B3 2 H2O)
1 483.1 482.7 485.1; 486.1; 487.1 484.8; 486.1 2
(y2 2 B3 2 H2O)
1 403.1 N.O. 404.1; 405.1; 406.1; 407.1 N.O. 0
(a2 2 B2 2 H2O)
1 385.1 384.9 386.1; 387.1 385.9; 386.9 2
(w1 2 H2O)
1 305.1 305.1 305.1; 306.1; 307.1; 308.1; 309.1 305.9; 307.0; 308.1 1
(b1 2 H2O)
1 225.1 224.8 226.1; 227.1 226.6 2
(a2 2 d1)
1 216.1 215.8 218.1; 219.1 N.O. 2
(a1 2 H2O)
1 207.1 206.8 207.1; 208.1 207.5 2
(w1 2 B4 2 H2O)
1 179.0 179.0 179.0; 180.0; 181.0 N.O. 2
(w1 2 B4 2 2 3 H2O)
1 161.0 160.9 161.0 160.9 2
B2
1 136.1 136.0 139.1; 140.1 138.8; 139.8 1
(z1 2 B4 2 H2O)
1 81.0 81.0 81.0 81.0 2
aThe column “Intensity” refers to the average intensity of the native and deuterated spectrum and is crudely subdivided into intense (1), weak (2)
and not observed (0).
bN.O.: not observed in the respective spectrum.
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structures are shown in Figure 5. The former case
results in a partial positive charge on the adenine base
which will lower its affinity for the excess proton. In
that case the excess charge could reside with the B3
thymine base. This is supported by the signals of (M 2
B2)
1 and (M 2 B3)
1 in the spectrum. The latter signal
has not been observed for the other two compounds.
Interestingly, adenine appears as a protonated signal at
mass 136 Da (native), whereas thymine is only cleaved
off as a neutral, most probably because of its low proton
affinity. w3
1 appears in the spectrum, resulting from a
59-terminal nucleoside loss. This fragment was postu-
lated as a transient but was not seen in the spectra of the
other two compounds. The spectra of dTATT shows a
signal at 255 Da (native), stronger even than the (a2 2
d1)
1 signal at 216 Da (native). Nominally this fragment
could represent (b1 2 H2O)
1 as was assumed for the
other two compounds (Figure 3). Its unexpectedly
strong intensity, however, suggests that the isobaric
fragment (a3 2 d2)
1 contributes substantially to this
signal. Such a fragment would be an additional indica-
tion of a substantial probability of the excess charge at
the B3-thymine base rather than the B2-adenine one.
The fragment at 849 Da in the deuterated spectrum
represents the z3
1 ion. This must necessarily result from
the formation of the 7-membered ring of the adenine
base and the ribose in association with the z3 cleavage.
If z3 had been formed by simple loss of the 39-terminal
thymidinephosphate, there would have been three deu-
teriums at the adenine base and an ion of mass 850 Da
would have resulted. The formation of a 7-membered
ring has also been described by Phillips et al. [33] for the
(a2 2 d1)
1 ion using FAB-MS combined with low
energy collision-induced dissociation. No fragments
containing a pyrimidine cycloadduct can unambigu-
ously be identified in the spectrum of dTATT. This
could possibly be explained by the assumption that
most, if not all, of the B3-thymine bases are charged
which would prevent base stacking as a precursor of the
cycloaddition.
The two compounds dTGCT and dTCGT were in-
vestigated to determine the relative stability of C versus
G and to differentiate this dependence from that of the
position in the tetramer. The fragments and their
masses are listed in Table 4 and the fragmentation
pathways are drawn in Figure 6. Several observations
are worth noting. Base loss is always initiated by
protonation/deuteration of the base, as was observed
for the other three compounds. Expectedly there are
two fragmentation cascades, starting with a loss of a
neutral base either in the 2- or the 3-position. The first
loss of a neutral base seems to occur preferentially from
the 2-position, as evidenced by the relative signal inten-
sities of the (M 2 B2)
1 versus the (M 2 B3)
1 fragments.
The signals of the 59 to 39 series (w and z fragments) are
more intense for the dTCGT compound, those of the 39
to 59 series (a and d fragments) dominate the spectra of
the dTGCT samples. The reverse is true for the loss of a
charged base. The signal of the (charged) base in position
3 always exceeds that of the one in position 2. The
sequence of the loss of the two bases is another inter-
esting point. In dTGCT the G1 signal of the deuterated
sample has only two peaks at mass 156 and 157. This
implies that for this case the base, when lost as an ion,
is always cleaved off in the initial step of the fragmen-
tation. The cytosine C1 signal of this sample and both
base signals of the dTCGT sample have three peaks.
They may, therefore, have been lost either in the initi-
ating or any of the later steps involving loss of a
charged base. For dTGCT a fragment involving a CT-
cycloadduct is seen at mass 434 Da (native), one of
several possible structures is shown in Figure 7. Appar-
ently this CT-cycloadduct, once formed, can be pro-
tonated intramolecularly because this fragment has lost
the charge carrying G, in contrast to the equivalent
fragments of dTGTT and dTCTT. However, the spec-
trum of the sample with the GC sequence reversed
shows no signals involving adduct formation. A rea-
sonable explanation for this observation is the assump-
tion that base 2 is always charged, carrying either the
excess charge or by charge exchange with a phosphate
group. This charge on base 2 will quantitatively pre-
vent the formation of a CT-cycloadduct between base 1
and 2.
Results obtained for dGG samples in preliminary
experiments follow an identical fragmentation pattern.
Conclusions
A number of general conclusions can be drawn from the
results.
1. Except for the loss of 39- and 59-terminal nucleo-
sides/nucleotides and water, all fragmentation of
Figure 5. Schemes of the precursor and the z3
1 ion of the dTATT
oligomer.
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Experimental mass, deuterated Intensitya
dTCGT dTGCT dTCGT dTGCT dTCGT dTGCT dTCGT dTGCT
M1 M1 1165.2 1165.3 1165.4 1178.2 1178.5 1178.5 1 1
(M 2 B2)
1 (M 2 B3)
1 1054.2 1054.3 1054.5 1064.3 1064.4 1064.5 1 1
(M 2 B3)
1 (M 2 B2)
1 1014.2 1014.4 1014.7 1023.3 1023.5 1023.4 1 1
w3
1/d3
1 941.2 941.1 941.4 952.2; 953.2 953.4 953.0 2 2
(d3 2 B3)
1 (w3 2 B2)
1 790.1 N.O.b N.O. 797.2; 798.2 N.O. N.O. 0 0
(w3 2 B2)
1 (d3 2 B3)
1 830.1 N.O. N.O. 838.2; 839.2 N.O. N.O. 0 0
(a3 2 B3)
1 (z3 2 B2)
1 692.1 692.1 692.3 697.2; 698.2; 699.2 697.4; 698.5; 699.5 697.0; 697.8; 699.0 1 1
(z3 2 B2)
1 (a3 2 B3)
1 732.2 P.R.c 732.3 738.2; 739.2; 740.2 N.O. 737.8; 738.8; 739.8 2 1
d2
1 w2
1 612.1 612.5 612.1 618.2; 619.2; 620.2 619.2 617.6; 618.5; 619.6 2 1
w2
1 d2
1 652.1 652.3 652.4 659.2; 660.2; 661.2 658.7; 659.7; 660.6 659.8 1 2
(a3 2 B3 2 B2)
1 581.1 581.0 N.O. 583.1; 584.1; 585.1 N.O. N.O. 2 0
(z3 2 B2 2 B3)
1 581.1 581.0 N.O. 583.1; 584.1; 585.1 N.O. N.O. 2 0
a2
1 514.1 514.2 N.A. 518.2; 519.2; 520.2 519.3 N.A. 2 N.A.
a2
1 554.1 N.A.d N.O. 559.2; 560.2; 561.2 N.A. N.O. N.A. 0
(w2 2 B3)
1 501.1 501.3 P.R. 504.1; 505.1; 506.1 N.O. N.O. 2 2
(d2 2 B2)
1 501.1 501.3 P.R. 504.1; 505.1; 506.1 N.O. N.O. 2 2
(w2 2 x11B4)
1 474.1 N.O. N.A. 480.2; 481.2; 482.2 N.O. N.A. 0 N.A.
(w2 2 x11B4)
1 434.1 N.A. 434.1 439.1; 440.2; 441.2 N.A. 438.9; 439.9; 441.0 N.A. 2
(z2 2 B3)
1 403.1 403.1 403.1 404.1; 405.1; 406.1; 407.1 405.2; 406.2 404.8; 405.8; 406.8 2 2
(a2 2 B2)
1 403.1 403.1 403.1 404.1; 405.1; 406.1; 407.1 405.2; 406.2 404.8; 405.8; 406.8 2 2
x1
1/c1
1 305.1 305.5 305.0 305.1; 306.1; 307.1; 308.1 N.O. 305.7 2 2
(a2 2 d1)
1 (a3 2 d2)
1 192.1 192.1 192.1 194.1; 195.1 194.2; 195.2 193.8; 194.8 1 2
(a3 2 d2)
1 (a2 2 d1)
1 232.1 232.1 232.1 235.1; 236.1 235.2; 236.2 234.9; 236.0 1 2
(x1 2 B4)
1/(c1 2 B1)
1 179.0 N.O. N.O. 179.0; 180.0; 181.0 N.O. N.O. 0 0
(x1 2 B4 2 H2O)
1/(c1 2 B1 2 H2O)
1 161.0 161.1 161.1 161.0 161.2 160.9 2 2
B2
1 B3
1 112.1 112.1 112.1 114.1; 115.1; 116.1 114.2; 115.2; 116.2 113.9; 115.0; 116.0 1 1
B3
1 B2
1 152.1 152.2 152.1 155.1; 156.1; 157.1 155.2; 156.2; 157.2 155.9; 156.9 1 2
(z1 2 B4 2 H2O)
1/(a1 2 B1 2 H2O)
1 81.0 81.1 81.2 81.0 81.2 81.1 2 2
aThe column “Intensity” refers to the average intensity of the native and deuterated spectrum and is crudely subdivided into intense (1), weak (2), and not observed (0).
bN.O.: not observed in the respective spectrum.















































positive ions is initiated by a base protonation/
deuteration. The protonated/deuterated base can be
cleaved off as a neutral or a protonated/fully or
partially deuterated species, depending on the type
of base and, most probably, other structural features
of the ion. No base loss without prior protonation/
deuteration has been observed in any of the cases
investigated. This is most clearly seen from the (M 2
base)1 signals in all spectra. If the lost base had been
neutral before the cleavage, all these ions of deuter-
ated samples would have had masses 1 Da higher
than the actually observed ones. Similar arguments
hold for all following base losses down the fragmen-
tation cascade.
2. In the majority of cases, the loss of a base leaves an
unstable ion that decays further by successive back-
bone cleavages. As a minor pathway the protonated
nucleoside is cleaved out of the oligonucleotide,
leaving two neutral fragments to the 39- and the
59-end of the oligonucleotide. This sequential frag-
mentation cascade came somewhat as a surprise.
Most of it is clearly evident from the peak patterns of
the deuterated samples. In some cases independent
fragmentation bypassing some of the steps of the
cascade cannot be excluded, however.
3. Even thymine bases can get protonated by intramo-
lecular proton transfer and cleaved, if there is no
other base with a higher proton affinity left in the
fragment. The data do not, however, allow to con-
clude, whether such a protonation of a neighboring
thymine would occur if there were other G, A, or C
bases further down- or upstream on the strand. The
observed fragments of the strands with two bases of
high proton affinity in neighboring positions seems
to suggest that the charge goes to thymine only, if no
further G, A, or C bases are left.
4. The protonation and cleavage of guanine, adenine,
and cytosine is comparable in magnitude, at least for
such small oligonucleotides. Nothing suggests that
this should be different for larger sequences. A
stabilization of a mixed sequence should, therefore,
require modification of C as well as that of G and A.
In contrast to A and G, where the 7-deaza modifica-
tions have been shown to substantially stabilize
oligonucleotides, the 3-deaza-C is not an option
because this substitution disturbs the base pairing
and recognition by enzymes. Several other modifica-
tions have been suggested as alternatives, such as
1-deaza-C or the 29F-cytidine-nucleotide.
The observation of pyrimidine cycloadducts in some of
the fragments is interesting and deserves comments
and further experiments, because it may bear signifi-
cance for the desorption/ionization process. It is gen-
erally accepted for neutrals that at least the process of a
2,2-cycloaddition is thermally forbidden and results
require an electronically excited state such as photoex-
citation. On the one hand, one could speculate that
these fragments represent real photochemical products
of the UV-MALDI process. On the other hand, one of
the reviewers has pointed out to the authors that
fragments of equal mass are also observed in positive
ion Elektrospray mass spectra of suitable oligomers, but
not in the ESI spectra of negative ions [34]. This obser-
vation was then confirmed for the dTGTT tetramer used
in the analysis of this study. A HPLC separation of the
sample showed no traces of such products to be present
in the samples prior to desorption. The reviewer sug-
gests an ionic process of yet unknown nature that leads
to the formation of such products. If, however, the
species would be formed by photoexcitation in the
MALDI-MS, cyclobutylpyrimidine dimer or (6–4)-py-
Figure 6. Fragmentation pathways of the oligomers dTGCT and
dTCGT. The symbols next to the fragments denote whether the
fragment was observed for a given oligomer. For details see the
text and Table 4.
Figure 7. Scheme of the cyclobutyl-dimer fragment ion of the
dTGCT oligomer.
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rimidine–pyrimidone photoproduct formation could
proceed from the excited triplet state which has an
energy of 3.3–3.4 eV for thymidine and cytosine in
solution at pH 7. Neither base can be excited into
their first excited singlet state with a sizable yield by
the 337 nm radiation of the N2 laser. Population of the
triplets could in principle, proceed via photosensiti-
zation of the thymine by the matrix. This would, in
turn, require a matrix triplet energy in excess of that
of the thymine and a substantial triplet yield of the
matrix, in all likelihood a higher triplet state, because
the first triplet of 3-HPA should have an energy too
low to sensitize pyrimidine bases. Such processes
have long been suspected to play a role in the MALDI
process because of the longer lifetime of the triplet
states compared to singlet states. The other observa-
tion, that cycloadduct formation seems to be inhib-
ited if one of the bases is charged because no adducts
are found for the dTATT and the dTCGT moieties and
only the smaller adduct containing fragments for the
dTGCT moiety seems to put some constraints on the
time sequence of the events. Clearly the adducts must
be formed within the lifetime of the excited triplet
state that is reported for solution values to be about
1.3 ms [35]. In the gas phase, the lifetime may even be
longer by a factor of 10 or more. The observation
implies that at least one of the two bases must be
charged before the dimerization takes place, either by
carrying the excess charge or via extensive intramo-
lecular charge exchanges in the solid or upon desorp-
tion. The lack of fragments with the thymine dimer in
the dTATT moiety is particularly puzzling, because
the thymine bases with their low proton affinity are
not assumed to exchange charge with a phosphate
group and the B3 thymine base should get protonated
only after the net charge has been conferred to the
molecule and the adenine has formed its hydrogen
bridge with the phosphate backbone. These frag-
ments certainly deserves further investigation. MSn
experiments can, hopefully, reveal the true structure
of the fragments.
The reported results have answered the questions of the
dominating influence of base protonation as the initiat-
ing step in DNA fragmentation and the relative stability
of cytosine, but they have also raised a number of new
interesting questions. The next logical step would be to
repeat the investigation of the negative ion fragmenta-
tion, as reported in the literature [26] but with H/D
exchange. Such experiments will, hopefully, sort out
some of the open questions concerning the influence of
the excess charge vis-a`-vis intramolecular charge ex-
change.
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